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Summary
Objective: Arthroscopy offers qualitative means to evaluate the surface of articular cartilage. However, possible degeneration of the deep car-
tilage and subchondral bone remains undetected. High frequency ultrasound imaging is an advanced cartilage evaluation method which is
conceivable to arthroscopic use and brings diagnostic information also from deeper cartilage and subchondral bone.
Design: In this study, we characterized spontaneous repair of porcine cartilage in situ with quantitative 2D-ultrasound imaging. At the age of
7e8 months, a cartilage lesion (diameter 6 mm, not penetrating into subchondral bone) was created on the lateral facet of the right femoral
trochlea (nZ 8). The animals were sacriﬁced 3 months after the surgery. The lesion site, adjacent cartilage and the corresponding control area
at the contralateral (left) knee were imaged in situ with 20 MHz ultrasound. Ultrasound reﬂection coefﬁcients were determined from the car-
tilage surface (R) and from the cartilageebone interface (Rbone). Microtopography of the articular surface was quantiﬁed by calculating ultra-
sound roughness index (URI) parameter from the ultrasonically determined surface proﬁle.
Results: Lesion site was spontaneously ﬁlled with visually cartilage-like soft tissue with smooth surface. However, ultrasonic images and his-
tological analyses revealed erosion of subchondral bone under the lesion site. Ultrasound reﬂection (R) at the surface of the spontaneously
repaired tissue was signiﬁcantly lower (73.5G 7.6%, P! 0.05) than at the surface of intact cartilage. Rbone was lowest at the lesion site. The
surface roughness of spontaneously repaired cartilage was signiﬁcantly higher than that of the intact tissue (44.0G 26.0 mm vs 7.5G 2.3 mm,
P! 0.05).
Conclusions: Quantitative ultrasound parameters offered diagnostic information revealing impaired structural integrity of the spontaneously
repaired porcine cartilage and subchondral bone. These changes are not detectable by traditional arthroscopic means.
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Arthroscopy is a clinical procedure to diagnose joint injuries
and to monitor the success of surgical cartilage repair. Ar-
throscopic inspection of cartilage surface and manual
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2005.25probing are qualitative means to evaluate superﬁcial deteri-
oration of the cartilage. Unfortunately, possible degenera-
tive alternations in the deep cartilage tissue and
subchondral bone remain undiagnosed. Along with superﬁ-
cial deterioration these structural and compositional impair-
ments jeopardize the unique load bearing ability of the
cartilage, predisposing the joint for further damage1.
High frequency ultrasound imaging is one of the ad-
vanced and quantitative cartilage evaluation methods which
could be adapted to arthroscopic use. Previously, Disler
et al.2 used 2D-ultrasound imaging to detect and grade os-
teoarthrosis in vitro. Area of the lesion and degenerative
changes in the deep cartilage and subchondral bone can
be sensitively determined with ultrasound imaging. This8
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autologous chondrocyte transplantation (ACT) was evaluated
in situ using high frequency ultrasound imaging3.
Sports activities cause chondral injuries which are known
to have a poor ability for spontaneous repair. However,
sometimes a localized osteochondral lesion can form ﬁbro-
cartilaginous repair tissue, as an indication of spontaneous
repair. Furthermore, it has been demonstrated that the sur-
gical repair techniques, such as ACT, may be used to treat
the local lesions4,5. Although surface of the ﬁbrocartilage
and surgically repaired cartilage may look visually smooth
and sound, erosion of the underlying bone may exist3. Res-
olution of the clinical MRI and X-ray devices does not usu-
ally enable detection of the early subchondral changes or
evaluation of the integration of repair tissue and the sur-
rounding cartilage.
In this study, we characterized spontaneous repair of por-
cine patello-femoral groove cartilage with high frequency 2D-
ultrasound imaging. Ultrasound imaging has already been
used for the qualitative evaluation of cartilage repair pro-
cess3. In the present study, along with qualitative evaluation,
quantitative ultrasound reﬂection and backscattering param-
eters of both cartilage surface and cartilageebone interface
were determined. Furthermore, surface roughness of the
samples was quantiﬁed with a novel ultrasound roughness
index (URI) parameter6. Quantitative ultrasound parameters
have been shown to serve as sensitive indicators of cartilage
structural integrity6e8, however, only wavelet transform tech-
nique has been used for evaluation of cartilage after cartilage
repair9,10. In the wavelet technique, maximum magnitude
and echo duration of the reﬂecting ultrasound signal are de-
termined from one measurement point. It was hypothesized
that quantitative ultrasound imaging could offer critical infor-
mation on the cartilage and bone status not detectable by tra-
ditional arthroscopic means.
Materials and methods
PORCINE ARTICULAR CARTILAGE SAMPLES
A total of eight porcine knee joints were investigated. At
the age of 7e8 months, a cartilage lesion (diameter 6 mm,
full-thickness, but not penetrating into subchondral bone)
was created on the lateral facet of the right femoral trochlea
using a biopsy punch (Stiefel Laboratories Ltd., Sligo, Ire-
land) [nZ 8, Fig. 1(A)]. The cartilage was carefully excised
manually down to the calciﬁed cartilage with a knife and
a curette to avoid damage and bleeding of the subchondral
bone [Fig. 1(C)]. The corresponding area at the left knee
served as a control tissue (nZ 5). The animals were sacri-
ﬁced after 3 months follow-up and the knees were imaged
in situ with ultrasound. Subsequently, toluidine blue stained
sections were prepared for histological evaluation. The
study was approved by the Animal Care and Use Commit-
tee of the University of Kuopio, Finland.
ULTRASOUND IMAGING INSTRUMENTATION
A Dermascan-C (Cortex Ltd., Hadsund, Denmark) ultra-
sound instrument was connected to anUltraPAC data-acqui-
sition system (Physical Acoustics Corporation, Princetown,
NJ, USA) and used for 2D in situ ultrasound imaging of the
porcine knee joints [Fig. 1(BeD)]. During the measurement,
the samples were immersed in phosphate buffered saline
(PBS) and the cartilage surface was manually adjusted to
be perpendicular to the scanning axis. Details of the ultra-
sound instrumentation are presented in a previous study6.QUANTITATIVE ULTRASOUND PARAMETERS
When determining cartilage thickness, sound speed of
1602 m/s was applied (preliminary study, porcine cartilage
samples from the lateral facet of the trochlea, nZ 3). Ultra-
sound reﬂection coefﬁcientswere determined for the cartilage
surface (R) and for the cartilageebone interface (Rbone).Ultra-
sound reﬂection coefﬁcient was calculated as follows6:
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wherem is thenumberof scan lines,Ai is thepeak-to-peakam-
plitude of the reﬂected ultrasound signal from the PBSecarti-
lage (R) or cartilageebone (Rbone) interface in scan line i and
Ai
ref is the reference peak-to-peak reﬂection amplitude from
the PBSeair interface obtained at the same distance as Ai.
During the calculation of Rbone, attenuation in cartilage tissue
was assumed to be constant showing no variations between
samples. However, individual reﬂection properties at the carti-
lagesurfaceanddifferences in total attenuationdue tovariable
sample thicknesswere taken intoaccount. In calculations, typ-
ical value (2.65 dB/mm (0.31 Np/mm) at the same frequency
range) for intact bovine patellar cartilage integrated attenua-
tion coefﬁcient was used11.
Microtopography of the cartilage surface was quantiﬁed
by calculating the URI (mm)6, from the ultrasonically deter-
mined surface proﬁle. The URI was determined from the
cartilage surface proﬁle determined as the line-by-line dis-
tances between the transducer and the PBSecartilage in-
terface as follows:
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where m is the number of scan lines, di is the distance from
the transducer to the PBSecartilage interface in scan line i
and CdD is the average distance from the transducer to the
surface. Before calculation of URI, the natural contour and
waviness of cartilage surface was eliminated by high-
pass-ﬁltering the surface proﬁle, assuming that the micro-
roughness was rather in the high frequency range6.
STATISTICAL METHODS
Nonparametric Friedman post hoc test was used to inves-
tigate statistical signiﬁcance of the site dependent (lesion,
adjacent cartilage, control tissue) differences between the
measurement parameters (thickness, URI, R and Rbone).
All statistical analyses were conducted using a custom
made Microsoft Excel script (version 2002, Microsoft
Corp., Redmond, WA, USA).
Results
Macroscopically, the lesion site was spontaneously ﬁlled
with cartilage-like, whitish soft tissue [Fig. 1(A)]. Five lesions
were ﬁlled to the level of the adjacent cartilage and two le-
sions had macroscopically visible overgrowth, detected also
with the ultrasound imaging. In one case, the whole joint
was severely degraded and the exact lesion site was not vi-
sually identiﬁable. Tissue morphology showed extensive
scar formation that was widely spread. This was shown
by both histology and ultrasound imaging. All other lesions
showed reduced toluidine blue staining on the surface
[Fig. 1(D)], suggesting superﬁcial loss of proteoglycan.
In six cases, the subchondral bone showed a reactive
area that was stained with the toluidine blue similarly to
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Fig. 1. (A) After 3 months follow-up, the lesion site was found to be spontaneously ﬁlled by visually cartilage-like soft tissue showing smooth
surface. Ultrasonic images (left) and corresponding toluidine blue stained microscopic section of the (B) control cartilage, (C) lesion immedi-
ately after creation (pilot sample) and (D) lesion site after 3 months follow-up. At the lesion site, ultrasonic images revealed degenerative
changes in the subchondral bone in situ. The quantitative ultrasound analyses were conducted from the surfaces perpendicular to the
scanning axis.cartilage and extended deep into the underlying bone. The
ultrasonic images revealed erosion of the subchondral bone
under the lesion site, as did the histological evaluation
[Fig. 1(D)]. Partially for this reason, the repair site tissue
was thicker than the adjacent and control cartilages
[Fig. 2(A)].
The ultrasound reﬂection capability of the tissue surface
(R) was signiﬁcantly lower (73.5G 7.6%) at the lesion site
as compared to control cartilage [P! 0.05, Friedman post
hoc test, Fig. 2(B)]. Furthermore, at the lesion site, Rbone
was lower than the corresponding value at the adjacent
and control cartilage areas [Fig. 2(C)]. In two cases, the ero-
sion of the subchondral bone was so complete that cartilage
thickness was not measurable and Rbone was zero.The cartilage surface roughness, as indicated by URI,
was signiﬁcantly higher at the lesion site than at the control
area [P! 0.05, Figs. 2(D), 3(AeC)]. URI correlated signiﬁ-
cantly with R [r2Z 0.479, P! 0.01, Fig. 3(D)]. However, at
the lesion site, URI showed more variation than R between
the samples. On the other hand, at the adjacent cartilage
and control site reﬂection coefﬁcient R varied more between
the samples than URI.
Discussion
In this study, for the ﬁrst time, quantitative high resolution
ultrasound imaging was used for the evaluation of sponta-
neous cartilage repair. Along with the qualitative ultrasound
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Fig. 2. (A) It was seen that tissue thickness was highest at the lesion site. (B) Ultrasound reﬂection (R) was signiﬁcantly lower at the lesion site
than at the control cartilage. (C) Reﬂection from the cartilageebone interface was lowest at the lesion site. (D) Cartilage surface roughness
(URI) was signiﬁcantly higher at the defect site as compared to control cartilage.imaging information, the ultrasound reﬂection and backscat-
tering parameters offered critical data about the status of
the lesion site and the adjacent cartilage. The lesion site
had ﬁlled spontaneously during the 3 months, indicating
that immature porcine cartilage has signiﬁcant capability
for self-repair with cartilage-like tissue. Hence, young pigs
may not provide an optimal animal model for cartilage repair
techniques, such as ACT4 or microfracture12. In this porcine
model, autologous chondrocytes bring no advantage to the
repair in growing immature animals13. Possibly, this may
also correspond to immature humans. In the present study,
the ultrasonic analyses revealed that the subchondral bone
plate was eroded, as seen previously with mature goats14,
and that there were minor changes in the adjacent cartilage
as well. The subchondral reaction has been detected also
after ACT of young pigs3. The changes in the subchondral
bone, not detectable by traditional arthroscopic means, may
compromise the long-term repair of the joint. Source for the
strong subchondral bone reaction is currently unknown and
warrants further investigations. Some microscopic penetra-
tions of the subchondral bone cannot be avoided during
manual creation of the lesion, but for the most part the
subchondral bone plate remains intact [Fig. 1(C)]. There-
fore, it can be hypothesized that source for the reaction is
related e.g., to nonphysiological physical loading of the
lesion site.
Typical to immature porcine cartilage3, both the control
site and the adjacent cartilage showed highly echogenic in-
ternal tissue in the ultrasonic images. In immature cartilage,
the orientation of the collagen ﬁbrils is highly tangential in alltissue zones15. This may account for the echogenity of the
internal tissue. At the lesion site, URI demonstrated more
variation between the samples than R, whereas the reﬂec-
tion coefﬁcient R was a more sensitive indicator of varia-
tions at the adjacent cartilage and control site. It was
seen in our previous pilot study that the instrumentation
used in this study may overestimate the surface roughness
of materials with true surface roughness of less than
15e20 mm. In the present study, we found with ultrasound
that surface roughness of the intact control cartilage was
typically less than 20 mm, which is in line with the previous
investigations16,17. These issues may explain why only mi-
nor differences were seen in the URI of the adjacent and
control cartilages, as compared to R. Several factors,
such as the frequency range, amount of jitter error and lat-
eral resolution of the instrumentation, affect the minimum ul-
trasonically detectable surface roughness and should be
investigated in the future.
We have demonstrated that the reﬂection (R) and URI of
cartilage surface will decrease and increase, respectively,
after speciﬁc enzymatic degradation of cartilage collagen
network6. In this study, at the lesion site, these parameters
were affected similarly, indicating that especially at the su-
perﬁcial tissue the structural integrity of the spontaneously
repaired cartilage was inferior as compared to control carti-
lage. This is a signiﬁcant ﬁnding, as the collagen network is
essential for the durability and mechanical competence
of the tissue. Toluidine blue stained section indicated also
proteoglycan degradation at the superﬁcial layers of the
spontaneously repaired tissue. Furthermore, ultrasound
262 M. S. Laasanen et al.: Ultrasonic evaluation of cartilage repair0.2
A B
DC
0.1
URI = 6.1 µm
R = 7.0%
URI = 80.4 µm
R = 0.6%
URI = 10.2 µm
R = 1.7%
Control
cartilage
Control cartilage
Adjacent
cartilage
Adjacent cartilage
0.0
-0.1
-0.2
0.2
0.1
0.0
-0.1
-0.2
-1.0 0.0 1.0 2.0 3.0 4.0 5.0 -1.0 0.0 1.0 2.0 3.0 4.0 5.0
D
is
ta
nc
e 
(m
m)
D
is
ta
nc
e 
(m
m)
D
is
ta
nc
e 
(m
m)
0.2
r
2 
= 0.479
p < 0.01
0.1
0.0
-0.1
-0.2
-1.0 0.0 0.0
8.0
6.0
4.0
2.0
0.0
20.0 40.0 60.0 80.0 100.01.0 2.0 3.0 4.0 5.0
Left knee
Scan length (mm)
Scan length (mm) Cartilage surface URI (µm)
Ca
rti
la
ge
 s
ur
fa
ce
 R
 
( %
)
Scan length (mm)
Lesion
Lesion site
Right knee
Right knee
Fig. 3. Typical microtopography at the surface of (A) control cartilage, (B) adjacent cartilage and (C) lesion site as detected with ultrasound. (D)
URI correlated signiﬁcantly with R. At the lesion site, URI was more sensitive to differences than R. However, R was a more sensitive indicator
of variations at the adjacent cartilage and control site.reﬂection and backscattering decreased at the cartilagee
bone interface underneath the lesion site. This was
mainly explained by the erosion of the subchondral bone
(decrease in the acoustic impedance). It is currently unclear
whether the deep reﬂection in young porcine cartilage
arises from the uncalciﬁedecalciﬁed cartilage interface or
from the cartilageesubchondral bone interface18. In this
study, however, disruption of the subchondral bone archi-
tecture was evident. Differences in attenuation between
the samples may also affect Rbone. If attenuation in repair
tissue is smaller than in normal cartilage, as expected,
due to ﬁndings with degenerated cartilage11, Rbone values
of the repair site are even smaller than determined in this
study. However, the relative variation in attenuation be-
tween the control samples and spontaneously repaired
samples is probably small, as in the case of normal and
spontaneously degenerated cartilage11. It has also been
shown that ultrasound speed shows only minor, though sta-
tistically signiﬁcant, relative differences between the normal
and degenerated cartilage19. On the other hand, attenua-
tion and ultrasound speed are shown to be sensitive param-
eters for the detection of cartilage degeneration11,20,21 and
their usefulness in the monitoring of tissue healing after
cartilage repair should be further studied.Quantitative, yet simple, arthroscopic methods should
be developed for the diagnosis of cartilage degeneration
and follow-up of tissue repair. High frequency ultrasound
imaging provides a quantitative means for grading carti-
lage and subchondral bone structural integrity. In this
study, quantitative ultrasound parameters offered diagnos-
tic data about the status of the spontaneously repaired tis-
sue and adjacent cartilage along with qualitative
ultrasound imaging information. Previous laboratory stud-
ies have shown that the in situ reproducibility of the ultra-
sound reﬂection and URI measurements is acceptable
(standardized coefﬁcient of variation 2.5% and 5.7% for
R and URI, respectively)6. However, as in vivo measure-
ments are probably more challenging, the clinical applica-
bility and reproducibility of the ultrasound measurements
warrant further studies.
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